ABSTRACT Several studies illustrated that the structure of feed, i.e., the particle size, particle-size distribution, and the physical form of the diet, affects the avian gastrointestinal function and health leading to changes in productive performance. However, investigations concerning the effects of feeding differently processed diets on laying hens are limited and primarily concentrated on bird performance. The current study examines the effect of feed processing on the gastrointestinal morphology and on the jejunal glucose transport of laying hens. In 8 replicates, a total of 384 hens (Lohmann Brown) aged 20 wk were randomly allocated to 8 different groups and fed over a period of 21 d in a 3-factorial design. Diets differed in 1) grinding method, either hammer or roller mill; 2) physical form, either mash or expandate; and 3) particle size, either coarsely or finely ground. During the experimental trial, the laying performance of each feeding group was recorded daily and the feed intake and BW determined weekly. After slaughtering, the weights of the pancreas, proventriculus, gizzard, and small intestine were measured. Villus lengths and crypt depths of the duodenum, jejunum, and ileum were determined. The jejunal electrogenic glucose transport was studied in Ussing chambers. Hens that received mash instead of expandate had higher proventriculus (P = 0.011), gizzard (P < 0.001), and pancreas (P = 0.019) weights, whereas the feeding of coarsely instead of finely ground diets led to higher gizzard weights (P < 0.001). Mash-fed hens showed longer duodenal (P < 0.001) and shorter ileal villi (P = 0.047) and increased duodenal villus height-to-crypt depth ratios (P < 0.001) than those given the expandate. Mashfed hens had higher glucose transport rates than expandate-fed hens (P < 0.001). In conclusion, the feeding of coarsely ground as well as mash diets had stimulating effects on the development of the gastrointestinal organs. Moreover, the feeding of mash influenced the intestinal microstructure of the epithelium that was accompanied by higher glucose transport capacities.
INTRODUCTION
Processing of feed, i.e., mash, pelleting, or expanding, is associated with changes in the structure of feed, which is characterized by the particle size and the particle-size distribution as well as the physical form of the diet. Different grinding methods, grinding intensities, and thermal treatment processes are used to achieve an efficient feed production and to increase the quality and safety of feed (Cox et al., 1986; Edwards, 1999; Peisker, 2006) . Feed production and processing may affect gastrointestinal morphology and function. Studies showed that the use of coarsely ground feed and the inclusion of whole grains had no negative effect on the performance of broilers and turkeys and that, in contrast, positive effects regarding the gastrointestinal function and health have been observed (Gabriel et al., 2007; Bank, 2010; Witte, 2012) . Several studies demonstrated that the feeding of coarsely ground as well as mash diets led to an increase of the relative gizzard weights in broilers compared with the feeding of finer particles and thermally processed diets (Nir et al., 1994a,c; Engberg et al., 2002; Peron et al., 2005; Amerah et al., 2007a) . The higher gizzard weights in birds fed with diets containing coarse particles are interpreted as a consequence of an increased frequency of gizzard contractions (Roche, 1981) . This leads to a greater gizzard development as well as to an increase of the gastrointestinal reflux (Engberg et al., 2002; Gabriel et al., 2003; Hetland et al., 2003; Amerah et al., 2007b) . Moreover, increased relative gizzard weights in combination with increased relative pancreas weights were observed (Engberg et al., 2004; Gabriel et al., 2007; Williams et al., 2008; Rougiere et al., 2009) . These effects on the gastroinEffects of grinding method, particle size, and physical form of the diet on gastrointestinal morphology and jejunal glucose transport in laying hens I. Röhe ,* 1 I. Ruhnke ,* F. Knorr ,* A. Mader ,* F. Goodarzi Boroojeni ,* R. Löwe , † and J. zentek * testinal function and development are closely related to the digestibility of nutrients. By feeding coarse particles, the passage rate of digesta might be decreased (Nir et al., 1994b) , which could enhance the enzymatic digestion and may improve the nutrient digestibility (Carré, 2000) . Laying hens and broilers, which were provided with coarsely ground mash diets or structural materials such as wood shavings or oat hulls, showed an improvement in the nutrient digestion, in particular regarding the starch digestibility (Rogel et al., 1987; Svihus and Hetland, 2001; Hetland et al., 2003; Parsons et al., 2006; Svihus et al., 2010) . In this regard, heat treatment of feed with higher temperatures, such as the expansion and extrusion of feed, is associated with decreasing protein digestibilities caused by Maillard reactions (Björck and Asp, 1983; Svihus, 2006; Gehring et al., 2011) . Several studies showed that thermal processing of feed led to an increase of the intestinal viscosity and reduced feed passage rates due to increased solubility of fibers in broilers, which could impair nutrient absorption and digestibility (Silversides and Bedford, 1999; Cowieson et al., 2005; Svihus, 2006) . On the other hand, thermal feed processing can have a beneficial effect on the nutritional value of feed. Moderate thermal treatment of feed improves the digestibility of proteins by inactivating antinutritive factors and results in a higher degree of starch gelatinization (Lawton et al., 1972; Case et al., 1992; Thomas et al., 1998; Svihus et al., 2005) , which in turn might increase the apparent metabolizable energy of feed and the performance of broilers (Farrell et al., 1983; Svihus et al., 2004b) . Only a few studies addressed the effect of differently processed diets on the development of the intestinal microstructure. Broilers fed pelleted diets had a higher number of villi per transversal duodenum cut and greater duodenal crypt depths compared with those fed mash. Furthermore, an increase in the particle size of the diets resulted in deeper crypts and higher duodenal villi, irrespective of the physical form of the diet (Dahlke et al., 2002) . It was reported that increased ratios of villus to crypt length and surface in the duodenum occurred when broilers were fed with whole wheat compared with those given the mash diet (Gabriel et al., 2007) .
Data on the effect of different feed structures on laying hens are limited and focus mainly on bird performance (Wahlström et al., 1999; Hetland et al., 2003; MacIsaac and Anderson, 2007; Safaa et al., 2009) . Therefore, the aim of this study was to investigate whether gastrointestinal morphology and function of laying hens are affected by differently processed diets. For this purpose, investigations were focused on the influence of feed structure on the development of digestive organs including morphometric examinations and on the jejunal glucose transport in laying hens.
MATERIALS AND METHODS
The study was performed in accordance with the Animal Welfare Act of Germany, and all procedures involving handling of animals were approved by the local state office of occupational health and technical safety (Landesamt für Gesundheit und Soziales Berlin, Germany, LaGeSo Reg. Nr. 0117/11).
Birds and Rearing Conditions
In 8 replicates, a total of 384 laying hens (Lohmann Brown) aged 19 wk were randomly allocated to 8 different experimental groups (in total 48 hens per feeding group) with 6 birds per pen each representing a single experimental unit. The lighting program consisted of 16 h light and 8 h dark. The ambient temperature was maintained at a constant 21 ± 2°C during the entire experiment. The birds had ad libitum access to feed and water and were reared on litter-floor pens (wood shavings) for a period of 28 d. In the first 7 d, all hens were fed with a commercial mash diet to adapt them to the experimental conditions. They then received the different experimental diets over a period of 21 d. The laying performance (egg weight and egg production) of each feeding group was recorded daily and the feed intake and BW determined weekly. At the end of each trial run, the hens, aged 23 wk, were slaughtered by stunning and cervical decapitation, followed by exsanguination.
Experimental Diets
All diets were produced by the International Research Association of Feed Technology e.V. (Braunschweig-Thune, Germany) and were based on corn (30%), wheat (29%), and extracted soybean meal (22%), meeting or exceeding the nutrient recommendations for the respective age (GfE, 1999) . The feed composition and the nutrient content of the experimental diets are shown in Table 1 . In total, 8 different diets were produced: coarsely ground mash, finely ground mash, coarsely ground and expanded feed, and finely ground and expanded feed, whereby each diet was produced using 2 different mills: a hammer mill (Horizontalrotor-Hammermühle, Tietjen Verfahrenstechnik GmbH, Hemdingen, Germany) and a roller mill (Vario-Walzenstuhl, MIAG AG, Bühler GmbH, Braunschweig, Germany). The cereals corn and wheat were separately ground by the mills and subsequently mixed (zweiwellenpaddelmischer, Dinnissen BV, Sevenum, the Netherlands) with the other components or processed further to expandate. The roller gap adjustments and the hammer mill screen sizes used for the production of the different diets are depicted in Table 2 .
The expander (Einwellen-Extruder/Expander, Amandus Kahl GmbH & Co. KG, Reinbeck, Germany) is fitted with a cone, processed product leaving the tube via an annular gap. Gap width is automatically adjusted by the hydraulic pressure, which is needed to realize the aspired process temperature. The expander was operated at 8,500 to 9,000 kPa, a water addition of approximately 7%, and a processing temperature of 116°C; mass throughput was in the range of 130 to 150 kg/h. Expandate was dried and cooled down to ambient conditions by means of a dryer-belt cooler combination. Cooled expandate was further processed using a roller mill with a refiner gap of 1.75 mm to achieve an even form of the expandate.
Sampling and Analysis
Dry-and Wet-Sieve Analysis. Feed particle sizes of the 8 diets were determined by dry and wet sieving (Table 2) using a sieve stack on a sieve shaker (Analysette 3, Fritsch, Idar Oberstein, Germany). A representative 100-g sample of each diet was passed through for 10 min at an amplitude of 7. The sieve stack (Analysensiebe, Retsch GmbH, Haan, Germany) consisted of 9 sieves with screens of different mesh sizes (4, 2.5, 2.0, 1.6, 1.25, 1.0, 0.63, 0.40, and 0.15 mm). After the shaking process, the amount of particles retained on each screen was determined by subtracting the weight of the sieve and the retained feed from the blank weight of the sieve. In the case of wet sieving, representative 100-g samples of each diet were previously suspended in 1,000 mL of water for 60 min and the proportion of retained particles (% of mass) was calculated after drying.
Determination of Organ Weights. Regarding the different feeding groups, the pancreas, proventriculus, gizzard, and the 3 segments of the small intestine were extracted and emptied and the adhering fat and mesenteries were removed, the organs were weighed, and organ-to-BW ratios were calculated. The segments removed from the small intestine were the region from the gizzard junction to the pancreatic and bile ducts (duodenum), the area between the end of the duodenum and Meckel's diverticulum (jejunum), and the segment between Meckel's diverticulum and the ileo-ceco-colic junction (ileum). In total, the organ weights of 32 randomly selected birds per feeding group were examined.
Histological Examinations. For the morphometric analysis, 8-to 10-cm-long segments were removed from the duodenum, jejunum, and ileum, as described by Uni et al. (1999) : the apex of the duodenum, midway between the point of entry of the bile ducts and Meckel's diverticulum, and 10 cm proximal to the ileocecal 1 Mineral and vitamin premix (Spezialfutter Neuruppin, Neuruppin, Germany) contained per kilogram of premix 400,000 IU of vitamin A; 40,000 IU of vitamin D 3 ; 8,000 mg of vitamin E (α-tocopherole acetate); 300 mg of vitamin K 3 ; 250 mg of vitamin B 1 ; 250 mg of vitamin B 2 ; 2,500 mg of nicotinic acid; 400 mg of vitamin B 6 ; 2,000 μg of vitamin B 12 ; 25,000 μg of biotin; 1,000 mg of calcium pantothenate; 100 mg of folic acid; 80,000 mg of choline chloride; 5,000 mg of zinc (zinc oxide); 2,000 mg of iron (iron carbonate); 6,000 mg of manganese (manganese oxide junction. The samples were flushed with ice-cold PBS, the existing fat and mesenteries were removed, and the samples were cut open longitudinally. The open segments were placed on cork boards by using hedgehog spines and subsequently fixed in Bouin's solution. After dehydration and infiltration with solidified paraffin wax, the samples were embedded. The paraffin blocks were cut at 5 μm with a sledge microtome (Typ 1400, Leitz, Wetzlar, Germany), and the obtained sections were mounted on glass slides. After staining with hematoxylin-eosin (Merck KGaA, Darmstadt, Germany), the tissue slides were analyzed with a light microscope (Photomicroscope III, zeiss, Germany), which was equipped with a digital camera (DP72, Olympus, Germany) and a corresponding analysis program (Cell Sense software, Olympus, Germany). The villus height (measured from the tip of the villi to the villus crypt junction) and crypt depth (defined as the depth of the invagination between adjacent villi) were measured for each intestinal segment. Twenty villi and 20 crypts per segment were examined, although only vertically oriented villi and crypts were taken into account. In total 64 birds (8 hens per experimental diet) were examined.
Intestinal Electrogenic Glucose Transport. The mid-jejunum was resected and placed in ice-cold-carbogen-gassed Krebs-Henseleit buffer containing (mmol/L) NaCl, 115; NaHCO 3 , 25; mannitol, 20; KCl, 5; Na 2 H-PO 4 , 2.4; CaCl 2 , 1.5; MgCl 2 , 1.2; and NaH 2 PO 4 , 0.6. The pH was adjusted to 7.4 and 320 mOsmol/L. In total, jejunal segments of 64 laying hens (8 hens per experimental diet) were analyzed. The jejunum was cut into sections of 5 to 7 cm, and adhering fat and mesenteries were removed. It was subsequently placed vertically between the 2 halves of a net-supported Ussing chamber, as described in detail by Ruhnke et al. (2013) . The time span from slaughtering of the birds to the mounting of the tissue in the chamber was 10 min.
The serosal and mucosal surface of the tissue, with an exposed area of 0.79 cm 2 , was incubated in the modified Krebs-Henseleit buffer in glass reservoirs, each filled with 15 mL of buffer solution and connected to one of the chamber halves. The buffer was continually stirred, heated to 38°C, and oxygenated with carbogen, a 95% /5% mixture of O 2 and CO 2 . Before inserting the tissue in the chamber, the resistance of the system was determined to obtain a blank value. After tissue insertion, the transepithelial resistance (Rt) was detected under open-circuit conditions. The transepithelial voltage potential was measured in response to bipolar 50-μA current pulses that were generated for 200 ms, and Rt was calculated every 6 s according to Ohm's law. The transepithelial conductance (Gt) corresponds to the reciprocal value of Rt. After equilibration for approximately 8 to 10 min, the tissue was short-circuited. After a tissue stabilization period of about 10 min, 10 mmol/L d-glucose (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was added to the buffer solution of the mucosal side of the chamber. Simultaneously, 10 mmol/L mannitol (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was added to the serosal side to maintain an osmotic balance across the mucosa. After reaching a baseline of the short-circuit current (Isc), 100 μmol/L phloridzin (Sigma-Aldrich Biochemie GmbH, Hamburg, Germany) was applied to the mucosal side. The electrical response was observed as the peak response, obtained approximately 3 min after addition of the substrates. The difference between the peak Isc/Gt and the basal Isc/Gt expressed by ΔIsc represented the electrogenic ion movements by active transport.
The transepithelial voltage potential, Isc, and Rt were measured with a microcomputer-controlled voltage/current clamp (K. Mussler Scientific Instruments, Aachen, Germany).
Statistical Analyses
Statistical analyses were conducted using SPSS (version 21.0, Chicago, IL). The pen represented the experimental unit. Means and standard error of the means are reported for the 8 experimental groups (mean ± SEM). The Shapiro-Wilk Test was used to test whether the data were normally distributed. Because the sample under investigation was found to be normally distributed, all data were analyzed by using a 3-factor ANOVA to control for interaction and single-factor effects with respect to the factors grinding method, physical form, and particle size of the diet (2 × 2 × 2 factorial arrangement). Differences were considered significant at P < 0.05.
RESULTS
The results of the dry-sieving analysis describe the differences in particle-size distribution between coarse and fine grinding, independently of the milling method and thermal-processing techniques implemented. Wetsieving analysis of the diets showed a major effect of expanding on the particle-size distribution; differences in the particle-size distribution between the coarsely and finely ground expandate became less pronounced (Table 2). With respect to the bird performance, neither the particle size nor the physical form and the grinding method used affected the overall bird performance (I. Ruhnke, 2014, Institute of Animal Nutrition, Freie Universität Berlin, Germany, personal communication).
The relative organ weights are summarized in Table  3 . Weights of proventriculus, gizzard, and pancreas were influenced by the physical form of the diet. Birds fed with mash diets had higher proventriculus (P = 0.011), gizzard (P < 0.001), and pancreas (P = 0.019) weights compared with birds fed the expandate. The particle size of the diet affected the relative organ weights of the gizzard. Hens fed with coarsely ground feed had higher gizzard weights than hens given the finely ground diets (P < 0.001). The total weight of the investigated gastrointestinal organs were also influenced by the physical form (P = 0.002) of the diet, whereas the particle size (P = 0.073) and grinding method used (P = 0.15) had no effect.
The physical form of the diet had an effect on the microstructure of the small intestine (Table 4) . Hens fed with mash diets showed longer villi in the duodenum (P < 0.001), shorter villi in the ileum (P = 0.047), and increased duodenal villus height-to-crypt depth ratios (P < 0.001) than those given the expandate. The results of the Ussing chamber experiments illustrate that the basal values for Isc and Gt were uniform among the different feeding groups (Table 5 ). The physical form of the diet influenced the active glucose transport in the jejunum (P < 0.001). Laying hens fed with mash diets had higher values for ΔIsc glucose and ΔIsc phloridzin compared with those fed expandate ( Table 5 ). The particle size (P = 0.556; P = 0.611) and grinding method used (P = 0.241; P = 0.305) did not influence the values of ΔIsc glucose and ΔIsc phloridzin.
DISCUSSION
The use of different grinding methods, grinding intensities, and thermal treatment processes influences the structure of feed. The aim of this study was to investigate whether the feeding of differently processed diets affects the gastrointestinal tract of laying hens, focusing on the development of the digestive organs, on the intestinal microstructure, and on the intestinal glucose absorption. It was demonstrated that the development of the digestive tract and intestinal microstructure as well as the intestinal glucose absorption of laying hens was influenced by the processing of feed.
Feed Processing
The structure of thermally processed feed can be characterized by its macro-and microstructure (Svihus, 2006) . Whereas, mash feed is characterized by its macrostructure only.
The results of the dry-sieving analysis showed that the experimental diets could be divided into finely and coarsely ground feed in regard to their macrostructure.
By using the wet-sieve analysis, i.e., by dissolving the feed in water, the microstructure, namely the particlesize distribution of the feed constituents, becomes apparent. The results demonstrated that the process of thermal expansion led to a clear reduction of particle sizes. As a consequence, differences between the coarsely and finely ground expandate became less pronounced but were still detectable. Therefore, effects induced by the feeding of expandate may be attributed to both its macro-and microstructure. This is particularly the case regarding effects that take place after the feed comes into contact with digestive juices in the upper digestive tract and consequently loses its macrostructure. In this context, Svihus (2006) stated that the macrostructure of thermally processed feed can affect feed intake patterns, whereas the microstructure is able to influence the gut function. Values of the basal short-circuit current and the transepithelial conductance (Gt) are shown.
3 Statistical analyses were conducted using a 3-factor ANOVA with respect to the factors grinding method (M), physical form (F), and particle size (PS) of the diet.
4
Results are reported as means ± SEM.
5
Data are means of 8 replicate pens.
Digestive Organ Weights
Feeding mash instead of thermally processed feed led to increased gizzard weights in broilers (Nir et al., 1994c; Engberg et al., 2002) . In addition, studies showed that increased relative gizzard weights were often found in combination with increased relative pancreas weights in broilers (Engberg et al., 2002; Gabriel et al., 2007; Williams et al., 2008; Rougiere et al., 2009) .
The results of the present study corroborated these observations. Hens fed the mash diets had higher gizzard and pancreas weights than those fed with the expandate. The increased gizzard weight might be a consequence of enhanced gizzard activity (Roche, 1981) . Physiologically, this stimulates the release of cholecystokinin reinforcing the pancreatic secretion (Li and Owyang, 1993; Svihus et al., 2004a; Svihus, 2006) . Expanded feed does not need to be ground to such an extent as mash in the gizzard due to its softer consistency and fine microstructure. Thus, the passage rate of ingested feed increases, and the gizzard activity is reduced (Svihus, 2006) . The feeding of processed diets such as pellets might have a negative effect on the gastric reflux, which leads to proventricular hypertrophy and less efficient digestion (Ferket, 2000) . Vice versa, when mash feed is ingested, the retention time in the gizzard is increased and the activity of the gizzard as well as the gut reflux is enhanced. This study showed that mashfed hens had increased proventriculus weights compared with expandate-fed hens. These results were not confirmed by many other studies. However, a dilatation of this organ could be determined when pellets were fed, suggesting that an overload of the proventriculus may play a role as a consequence of reduced gizzard motility (Jones and Taylor, 2001; Gabriel et al., 2007; Witte, 2012) . Focusing on the particle size of the diet, the results of the present study showed that hens given the coarsely ground feed had significantly higher relative gizzard weights, indicating enhanced organ activity (Roche, 1981) . These observations were in accordance with those of other studies (Nir et al., 1994a; Preston et al., 2000; Engberg et al., 2002; Plavnik et al., 2002; Gabriel et al., 2003; Svihus et al., 2004a; Peron et al., 2005; Amerah et al., 2007c) . Furthermore, the results of this study illustrated that on average the gizzard weights of birds fed with coarsely ground mash were higher than that of those that received the coarsely ground expandate. This can be explained by differences in the particle-size distribution of both feed forms, as displayed by the results of the wet-sieving analysis. The development of the small intestine seems to be less affected by the feed structure than the gizzard (Wu et al., 2004; Peron et al., 2005; Gabriel et al., 2007) , which is consistent with results found in this study. The reason for this may be that the gizzard is able to grind feed to a consistently fine particle size, irrespective of whether the ingested diet contains large or small particles (Hetland et al., 2004) . However, investigations showed that coarser particles can pass the gizzard and are able to enter the small intestine and thus might affect digestive efficiency (Lentle et al., 2006; Amerah et al., 2007a) .
Histological Examinations
Regarding the microstructure of the small intestine, this study showed that the physical form of the diet influenced the villus length and crypt depth. Hens fed with mash diets had longer duodenal and shorter ileal villi as well as increased duodenal villus height-to-crypt depth ratios than those given the expandate. Additionally, the feeding of mash tended to increase jejunal villus height, whereas expanded-fed birds showed tendentially deeper duodenal crypts. Moreover, coarsely instead of finely ground feed tended to promote duodenal villus height and duodenal and ileal crypt depth. In this context, increased ratios of villus to crypt length and surface in the duodenum occurred when broilers were fed with whole wheat compared with those given the mash, suggesting that the feeding of coarse diets enhances the intestinal villus and crypt development (Gabriel et al., 2007) . Further investigations revealed that pellet-fed broilers had a higher number of villi per transversal duodenum cut and greater duodenal crypt depths when compared with mash-fed birds. Moreover, an increase in particle size of the diets resulted in deeper crypts and higher duodenal villi, irrespective of the physical form of the diet (Dahlke et al., 2002) . With regard to the effect of feed structure on the intestinal microstructure, the mechanism that leads to the development of longer villi and deeper crypts has not yet been elucidated. However, it is known that the factor diet plays an important role in maintaining and improving gut health (Uni et al., 1998; Noy et al., 2001; Montagne et al., 2003) . The general assumption exists that an enlargement of the absorptive surface can increase the absorption of nutrients and may lead to an improved feed-conversion ratio (Dahlke et al., 2002; Gabriel et al., 2007) .
Intestinal Glucose Absorption
To date, there are no studies that address the question of how differently processed feed affects glucose absorption in the small intestine of poultry. The results of the present work show that the jejunal active glucose transport, mediated by the secondary active sodiumdependent glucose cotransporter 1 (SGLT-1), was influenced by the physical form of the diet, whereas the particle size of the feed as well as the grinding method used had no effect. The application of phloridzin led to a congruent decrease of the glucose absorption rate, demonstrating that the SGLT-1 was responsible for glucose transport. Mash-fed hens had a higher glucose transport rate than expandate-fed hens. Two different hypothesizes exist, which may explain the higher glucose transport rates: first, the villus surface area of mash-fed birds was increased (same SGLT-1 density, but increased villus surface area); second, the expres-sion of the SGLT-1 was enhanced in the jejunal tissue of mash-fed birds (higher SGLT-1 density per villus surface area).
Concerning the first hypothesis, the jejunal villi of hens that were fed with mash were not significantly higher than that of those given the expandate. However, there was a tendency that the villus height of mashfed hens was increased (P = 0.087) compared with the villus height of expandate-fed hens, whereby the villus surface area might also be increased.
In this context, it was stated that the transport rates of glucose are closely related to the degree of villi and microvilli development (Planas et al., 1987) , as well as to the availability of nutrients, i.e., to the level of the luminal carbohydrate concentration (Ferraris and Diamond, 1986; Suvarna et al., 2005) . Regarding the latter and the second hypothesis, it might be possible that the feeding of thermally processed diets resulted in a poorer nutrient utilization and consequently in a lower intestinal carbohydrate level. This was confirmed by the results of the present study, according to the decreased starch apparent ileal digestibilities in hens fed with the expandate, whereas the apparent ileal digestibility of CP and amino acids was not affected (I. Ruhnke, 2014 , Institute of Animal Nutrition, Freie Universität Berlin, Germany, personal communication). The decreased starch digestibilities might be a consequence of increased solubility of fibers due to thermal processing of feed (Silversides and Bedford, 1999; Cowieson et al., 2005; Svihus, 2006) , which led to an increased viscosity of expanded diets (I. Ruhnke, 2014 , Institute of Animal Nutrition, Freie Universität Berlin, Germany, personal communication) and might impair nutrient utilization and absorption. Moreover, the occurrence of decreased gizzard and pancreas weights in the expandate-fed birds might suggest that enzymatic digestion was reduced, which also could deteriorate the nutrient digestibility and led to lower glucose absorption rates. Therefore, it is possible that the feeding of mash diets stimulated digestion and nutrient absorption, whereby the expression of the SGLT-1 might be increased due to increased luminal carbohydrate concentrations.
To conclude, the results of this study illustrated that the feeding of mash diets had an effect on the development of gastrointestinal organs and the intestinal microstructure of epithelium of laying hens, which may have led to the observed increased jejunal glucose absorption. Furthermore, the feeding of coarsely ground diets resulted in increased gizzard weights but did not significantly influence the intestinal microstructure of the epithelium and the jejunal glucose absorption. Thus, the feeding of coarsely ground mash diets seemed to have positive effects on the gastrointestinal function and may lead to improved bird health and welfare.
